Shales display significant seismic anisotropy that is attributed in part to preferred orientation of constituent minerals. This orientation pattern has been difficult to quantify because of the poor crystallinity and small grain size of clay minerals. A new method is introduced that uses high-energy synchrotron X-rays to obtain diffraction images in transmission geometry and applies it to an illite-rich shale. The images are analyzed with the crystallographic Rietveld method to obtain quantitative information about phase proportions, crystal structure, grain size, and preferred orientation ͑texture͒ that is the focus of the study. Textures for illite are extremely strong, with a maximum of 10 multiples of a random distribution for ͑001͒ pole figures. From the three-dimensional orientation distribution of crystallites, and single-crystal elastic properties, the intrinsic anisotropic elastic constants of the illite aggregate ͑excluding contribution from aligned micropores͒ can be calculated by appropriate medium averaging. The illitic shale displays roughly transverse isotropy with C 11 close to C 22 and more than twice as strong as C 33 . This method will lend itself to investigate complex polymineralic shales and quantify the contribution of preferred orientation to macroscopic anisotropy.
INTRODUCTION
Shale anisotropy is a major consideration for seismic imaging and rock properties estimation in hydrocarbon-bearing sedimentary basins ͑e.g., Banik, 1984͒ . Additionally, anisotropy of kerogen-rich shales may also provide information about their maturation state and gas-oil migration paths ͑Meissner, 1978; Price, 1983; Vernik and Nur, 1992͒ . Anisotropy may also be indicative of overpressure associated with the temperature-driven transformation of smectite to illite that has been observed in Gulf Coast mudstones ͑Ho et al., 1999͒.
One of the factors contributing to seismic anisotropy of shales is the preferred orientation of clay minerals ͑e.g., Jones and Wang, 1981; Vernik and Nur, 1992; Hornby et al., 1994; Sayers, 1994 . Preferred orientation or texture, as it is more commonly called in materials science, forms under slow compaction of plateshaped clay minerals that favor orientation of platelets parallel to the sediment surface. The original pattern may be modified during diagenesis ͑Swan et al ., 1989; Schoenberg et al., 1996͒ . Texture analysis is well established in structural geology and has helped greatly to interpret the deformation history of metamorphic rocks ͑e.g., Sander, 1950; Turner and Weiss, 1963͒ . More recently, it has been applied to understand seismic anisotropy in the deep earth, such as the upper mantle ͑Montagner and Tanimoto, 1990͒, the D" zone ͑Pan-ning and Romanowicz, 2004͒, and the inner core ͑Song, 1997͒, using in situ texture measurements in diamond anvil cells up to pressures corresponding to those encountered in the earth's core ͑Wenk et al., 2006͒ .
Despite these advancements in texture characterization of deep earth rocks, relatively little is known about the preferred orientation in shales. Because clay minerals are fine-grained and poorly crystalline, conventional techniques that provide experimental data for quantitative texture analysis, such as X-ray pole figure goniometry and electron microscopy, are not applicable or very limited. An X-ray transmission technique has been developed to measure pole figures of sheet silicate basal planes and was successfully applied to slates as well as some shales ͑e.g., Kaarsberg, 1959; Oertel, 1983; Sintubin, 1994; Van der Pluijm et al., 1994 , Ho et al., 1999 . While pole figures of basal planes provide valuable information about the preferred orientation of clay minerals, knowledge of the 3D orientation distribution ͑OD͒ that specifies the full orientation of crystallites ͑e.g., as a 3D probability distribution of Euler angles͒ is necessary to model the polycrystal elastic properties in a rigorous and quantitative fashion. To date, no 3D crystal OD has been measured for any of the clay minerals contained in shales.
Recently, synchrotron methods have become available for texture analysis and show much promise for the investigation of poorly crystalline and weakly scattering materials. Advantages are a very intense and highly focused X-ray beam, short wavelength that permits high sample penetration without major absorption, and two-dimensional detectors ͑either CCD cameras or image plates͒ to record diffraction images. The geometry of such an experiment is illustrated in Figure 1 . Intensity variations along Debye rings immediately display qualitatively the orientation of lattice planes. Backstrom et al. ͑1996͒ first used synchrotron X-rays for quantitative texture analysis, and the method was further refined by Heidelbach et al. ͑1999͒ . But this method only became established with the recent development of a Rietveld method to analyze a set of continuous spectra for texture ͑Wenk et al., 2004; Ischia et al., 2005 . In this study, we investigate the intrinsic anisotropy of an illitic shale by first determining the 3D OD with novel hard X-ray synchrotron diffraction methods and analyzing diffraction images for crystallography, phase proportions, and texture with the Rietveld method MAUD ͑material analysis using diffraction, Lutterotti et al., 1997͒ . From the OD, we obtain polycrystal elastic properties by various averaging schemes and can thus calculate direction-dependent P-and S-wave propagation.
MATERIAL AND EXPERIMENT
The sample used in this work is a natural illite-rich shale ͑Cam-brian͒ from Silver Hill, Montana. ͑Table 1, and Hower and Mowatt, 1966, Clark et al., 1990͒ . A fragment of the sample, 3 X 2 X 1 mm in dimensions, was analyzed on beamline 41 at HASYLAB 6 of the German Synchrotron facility ͑DESY͒ in Hamburg. A monochromatic beam of wavelength of 0.1848 Å, 1 X 2 mm in size, was used. The sample was mounted on a metal rod parallel to the long dimension ͑x͒ on a goniometer and rotated around this axis during the experiment ͑Figure 2͒. In the initial orientation, the bedding plane normal ͑z͒ is parallel to the horizontal incident X-ray, the long dimension ͑x͒ is vertical, and the intermediate dimension ͑y͒ horizontal ͑Figure 2͒. The sample was rotated from the starting position in five 22.5°increments of angle around vertical axis y ͑perpendicular to the incident X-ray͒ from perpendicular ͑Figure 2a͒ to parallel to the foliation plane ͑Figure 2b͒. This provides a pole figure coverage as indicated in Figure 3 . Images were collected with a MAR345 imageplate detector mounted at 129.75 cm from the sample. Counting times for individual images were 180 s. After data collection, images were corrected in FIT2D ͑Hammersley, 1998͒ for distortion and tilt, relying on a LaB 6 standard. Corrected images were exported from FIT2D in 16-bit tiff format for further processing.
Three of the five images at different angles are shown in Figure 4 . They immediately reveal differences with rotation ͑anisotropy͒. In Figure  4a , with a view on the foliation plane, Debye rings are uniform with no significant intensity variations. In Figure 4c , with a view parallel to the foliation, there are very strong intensity variations. The image at = 45°is intermediate ͑Fig-ure 4b͒. This sample shows strong preferred orientation, most clearly expressed in intensity variations along Debye rings ͑Figure 4c͒. Notice that highest intensities are in different directions for different reflections hkl. Particularly, the strong illite reflection 002 ͑arrow͒ has a maximum in the horizontal direction, indicating that basal lattice planes are oriented vertically. In other views ͑e.g., Figure 4a͒ , texture is less evident but would become obvious by comparing relative diffraction intensities with those of a powder without preferred orientation. For example, note that there is no intensity for the strong ͑002͒ diffraction peak because in this view on the bedding plane, no basal lattice planes are in reflection condition. While texture is visible on images, the quantitative texture interpretation relies on a rigorous analysis of the diffraction data.
We are using the Rietveld code MAUD ͑Lut-terotti et al., 1997͒ to refine instrumental parameters, crystallographic parameters, sample characteristics and texture. This program was recently modified to accept synchrotron diffraction data ͑Lonardelli et al., 2005͒. Tiff images with 16-bit dynamic range obtained from Fit2D are entered, using an image manager where it is possible to set the correct parameters ͑sample/detector distance, ranges for integration, center coordinates, number of spectra, etc.͒. In this study, 72 spectra were obtained by integrating over azimuthal sectors of 5°. Using five images, rotating the sample around ͑y͒ in 22.5°increments from 0°to 90°provides 5 ϫ 72 = 360 spectra that are used simultaneously for the Rietveld refinement. First, the instrument parameters were refined using the LaB 6 standard in order to obtain the correct center of the Debye rings. Next, backgrounds parameters ͑four for each spectrum͒, and after that, crystallographic parameters ͑lattice parameters and atomic positions͒ and anisotropic crystallites size were refined ͑Table 2͒. We started with a muscovite structure ͑Comodi and Zanazzi, 1995͒, with space group C2/c, because no structural data for illite are available ͑Meunier and Velde, 2004͒. Finally, the texture was refined using a tomographic EWIMV algorithm related to WIMV ͑Williams-Imhof-Matthies-Vinel, Matthies and Vinel, 1982͒. For this study, we used 10°grid cells for the OD. Figure 5 demonstrates a good agreement between experimental data ͑dots͒ and recalculated fit ͑solid line͒. Notice that there are numerous overlapping peaks, particularly at low d-spacings. In the Figure 4 . Two-dimensional synchrotron diffraction images obtained at different tilting angles: ͑a͒ = 0°͑corresponding to Figure 2a͒ , beam perpendicular to the foliation plane; ͑b͒ 45°and ͑c͒ 90°, beam parallel to the foliation plane ͑corresponding to Figure  2b͒ . Arrows point to illite 002 and 004 diffraction peaks and the strong quartz 10-11 reflection. Intensities (au) Figure 5 . Single diffraction spectrum showing the measured data ͑dots͒ and calculated Rietveld fit ͑solid line͒. Individual diffraction peaks for illite and quartz are marked below the spectrum. The intensity is in arbitrary units ͑au͒.
map plot of the diffraction spectra ͑Figure 6͒, it is possible to identify two phases present in the sample: illite with strong variation in intensity along each reflection, and quartz lines that show no appreciable texture and are more spotty ͑see, for example, the intense quartz 10-11 reflection indicated by arrows in Figure 6͒ . The quartz 10-11 diffraction peak is superposed on the illite 006 reflection ͑Figure 5͒. The strong alignment of the illite ͑001͒ planes is also evident in relative intensity differences in Figure 7 , with spectra at different angles to the bedding plane.
RESULTS
Information about microstructure, atomic coordinates, and lattice parameters can be extracted from the intensity, width, and the position in d-spacing of the diffraction peaks. Table 2 lists refined crystallographic parameters for illite. The poor crystallinity of the sample and elastic microdistortions because of the presence of defects and heterogeneities do not permit a good refinement of the crystal structure, but significant deviations from the muscovite starting structure ͑Comodi and Zanazzi, 1995͒ are apparent. Lattice parameters are similar and atomic positions are well-constrained, with largest shifts from the ideal muscovite structure for oxygens and hydroxyls. The size of the coherently diffracting domains evaluated from the line broadening of all hkl reflections show that crystallite dimensions are largest normal to ͑100͒ ͑44.5 nm͒ and ͑010͒ ͑49.1 nm͒, and smallest perpendicular to ͑001͒ ͑15.1 nm͒. This is consistent with the sheet morphology of clay platelets and likely stacking faults and intercalation. The quantitative phase analysis gives a small volume fraction of quartz ͑3%͒.
The MAUD-generated OD was exported and used in BEARTEX ͑Wenk et al., 1998͒ for further processing. From the OD, ͑100͒, ͑010͒, and ͑001͒ pole figures were calculated for a visual texture representation ͑Figure 8͒. Table 3 gives additional quantitative texture information such as texture index ͑Bunge, 1982͒, minimum and maximum of OD and of pole figures. The pole figures display that the texture is close to axially symmetric around the direction perpendicular to the foliation plane. The strong ͑001͒ maximum has a concentration of 9.77 multiples of a random distribution ͑MRD͒ ͑Figure 8a͒, indicating that almost 10 times as many ͑001͒ lattice planes are in this orientation as they would be in a randomly oriented powder. The minimum value of zero indicates that not a significant number of crystallites are oriented with ͑001͒ perpendicular to the foliation plane. The width of the ͑001͒ texture peak ͑at half maximum͒ is about 35°. ͑100͒ and ͑010͒ pole figures display small but distinct differences and deviations from axial symmetry. There are two possible interpretations: Either this may be caused by a wavy alignment of ͑001͒ platelets in the north-south plane ͑Figure 8a͒, corresponding to ripples and producing a lineation, or platelets have different ͑100͒
and ͑010͒ dimensions, and align, for example, during flow. This would need to be investigated with a systematic study of oriented samples and is outside the present scope. The fact that ͑100͒ and ͑010͒ pole figures are very similar indicates a likely fiber symmetry about the crystallographic ͑001͒ normal, at least in this sample.
DISCUSSION
As has been outlined by Hornby et al. ͑1994͒, the elastic properties of shale depend on single Figure 8 . Pole figures ͑001͒, ͑010͒, and ͑100͒ for illite. Equal area projection. Logarithmic pole density scale in multiples of random distribution ͑MRD͒. The coordinate system corresponds to that in Figure 2. crystal properties, the orientation of clay particles, and the presence of fluid-filled pores and microcracks ͑O'Connell and Budiansky, 1976; Crampin, 1981; Schoenberg and Sayers, 1995͒ . From the measured OD, we can evaluate the contribution of crystallite orientation to elastic properties and their anisotropy of the aggregate. Unfortunately, elastic properties of clay minerals are poorly known ͑Katahara, 1996͒. For this study, we have used the elastic stiffness moduli of muscovite measured by Brillouin scattering ͑Vaughan and Guggenheim, 1986͒, where muscovite is treated as monoclinic ͑Table 4͒. Using the OD, we then calculate polycrystal elastic properties by averaging over all orientations, i.e., the orientation distribution. These elastic constants, listed in Table 4 , describe the anisotropy resulting from the aligned crystallites of illite and do not include the possible contributions from aligned porosity. A total of 21 elastic constants are required to describe the elastic tensor of a triclinic material. Different averaging schemes are used, such as Voigt ͑uniform strain͒ and Reuss ͑uniform stress͒ ͑Bunge, 1985͒, as well as a self-consistent average ͑Kroener, 1961͒. All of these schemes simplify the problem and do not take into account the grain shape and grain shape distribution. A geometric mean ͑Matthies and Humbert, 1993͒ has been shown to provide reasonable results for many materials. The elastic constants of the illite aggregate, calculated with Voigt, Reuss, and geometric mean models are listed in Table 4 . The aggregate stiffness coefficients indicate an approximation to transverse isotropy with C 11 close to C 22 and all off-diagonal coefficients I, J Ͼ 3 close to zero, but in detail they deviate. There are considerable differences between the different averaging models: Voigt is an upper bound, whereas Reuss is a lower bound, and the geometric mean is intermediate. Voigt may be more applicable for elastic waves propagating parallel to the foliation and Reuss for those perpendicular to it, based on grain-shape considerations ͑Bunge, 1985͒. Using elastic properties of muscovite for illite introduces uncertainties in estimating polycrystal properties, and actual values may be beyond Voigt and Reuss bounds.
A reduced expression to describe anisotropy in shales has been introduced by Thomsen ͑1986͒. These parameters assume transverse isotropy i.e., axial symmetry about the foliation normal͒,
These parameters are listed in Table 5 , and a ␥ − plot for the various illite averages is compared in Figure 9 with values for shalesfrom the literature ͑Thomsen, 1986; Vernik and Nur, 1992; Wang, 2002͒ . The illite aggregate shows a strong anisotropy with high 
CONCLUSIONS
A new experimental method is described to obtain quantitative texture information for clay minerals in shales. The synchrotron X-ray diffraction measurements, combined with Rietveld image analysis provides information about the orientation distribution that is a primary ingredient for modeling aggregate elastic properties. This first application describes primarily the methodology and applies it to a simple system: illite with a minor amount of quartz. In the future, this method can be applied to other samples of shales with a more complex composition, and particularly to shales for which anisotropy of acoustic waves has been experimentally established. With such information, one can then progress to comprehensive models to better understand the various factors influencing seismic anisotropy in sedimentary rocks.
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